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^© Semiconductor laser device. 
CO 

In a semiconductor laser device, for emitting a laser beam having a wavelength X, an n-type ln 0 .s(Gai. x At JP 
CO first cladding layer (11) is formed on an n-type GaAs substrate (10). An undoped InGaP active layer (12) is 
22 formed on the first cladding layer (11) and a p-type ln 0 .5(Gai. x Al x )o. 5 P cladding layer (13) is formed on the active 

layer (12). A p-type InGaP cap layer (14) is formed on the second cladding layer (13) and an n-type GaAs 
© current restricting layer (15) is formed on the second cladding layer (13). The aluminum composition ratio x of 
Q,the cladding layer (11. 13) is 0.7. The active layer (12) has a thickness of 0.06 urn and the cladding layers (11, 
UJ13) have the same thickness H of 0.85 urn. The active layer (12) and the cladding layers (11,13) have refractive 

indices n a and n 0 which satisfies the following inequalities: 

0.015A 1/2 <o7X< 0.028A- 1/2 
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and 

A = (n a 2 -n c 2 )/2n a 2 
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Semiconductor laser device 

Trie present invention relates to a semiconductor laser device for use in an optical information- 
processing apparatus, an optical measuring apparatus, or the like, and more particularly to a semiconductor 
laser device which has a double-hetero structure having an optimal layer thickness. 

In recent years, development has been made of short-wave semiconductor lasers for use in high- 

5 density optical disk systems, high-speed laser printers, bar code readers, or the like. Of these semiconduc- 
tor lasers, the InGaAlP laser, which emits a beam having a wavelength of 0.6 urn (read-light range), can be 
used in place of the existing He-Ne gas laser for a variety of uses. Therefore, much attention is paid to the 
InGaAlP laser in the fields of optical data processing and optical measuring, since it can be a small, light, 
and low power-consumption light source. This semiconductor laser must have as good characteristics and 

to reliability as those of the conventional GaAlAs laser, if it is to be used practically. 

GaAlAs lasers of various structures have been developed. Each of these lasers has specific structural 
parameters, and has desired characteristics by virtue of these structural parameters. In other words, optimal 
structural parameters are known for each type of a GaAlAs laser. By contrast, no structural parameters 
which seem the most desirable for an InGaAlP laser have been proposed. This is because the InGaAlP 

75 laser is rather a novel type of a semiconductor laser, and the physical properties of experimental InGaAlP 
lasers have yet to be evaluated completely. 

The experiments, which the Inventors hereof have conducted, show that the oscillation threshold value 
of an InGaAlP laser greatly depends upon the thickness of its active layer. The experiments also suggest 
that an InGaAlP laser cannot be sufficiently reliable unless its active layer has an optimal thickness. Hence, 

20 it is required that the active layer of an InGaAlP laser have an optimal thickness. 

An InGaAlP material is greatly different from a GaAlAs material in thermal resistivity. For example, 
GaAs and Gao. 6 Al 0 .4 have the thermal resistivities of 2K cm/W and 8K cm/W, respectively, whereas ln 0 ^- 
(GaojAlo. 7 )o.5P has the thermal resistivity of 17K cm/W. When the cladding layer of a semiconductor laser 
is made of InGaAlP, the laser has a high thermal resistance. Thus, during the operation of the laser, its 

25 active layer will be heated to a high temperature, and the threshold current of the laser will inevitably 
increase. Therefore, the InGaAlP laser has unstable thermal characteristics and inadequate reliability. 

As is generally known, the characteristics of a GaAlAs laser are more influenced by the stripe width 
and the cavity length than by the other structural parameters. (See W.B. Joice et al. f Journal of Applied 
Physics, Vol. 46, pp. 855-862, 1975.) In the case of an InGaAlP laser, the thickness of the cladding layer is 

30 one of the structural parameter which greatly influence the thermal resistance of the laser. The cladding 
layer of most conventional semiconductor laser has a thickness of 1 urn or more, being thick enough to 
prevent the wave-guiding mode from being affected by the substrate or the contact layer. In the case of an 
InGaAlP laser, as the results of the experiments conducted by the inventors hereof have revealed, when 
the cladding layer is 1 urn or more thick, the threshold current for CW operation increases too much in 

35 contrast with the case for pulsed operation. Consequently, the InGaAlP laser fails to have good thermal 
characteristics or sufficient life-time. 

Various methods of reducing the thermal resistance of the InGaAlP laser have been proposed. 
Japanese Patent Disclosures No. 61-280694 and No. 62-81783 disclose an InGaAlP laser whose cladding 
layer consists of two layers, the outer one of which is made of material having a low thermal resistivity. 

40 Japanese Patent Disclosures No. 62-51282 and No. 62-51283 disclose an InGaAlP laser which comprises a 
cladding layer formed of a superlattice. Either InGaAlP laser has a complex structure, and many interfaces 
involve in growing crystals. Hence, many manufacture parameters must be controlled to manufacture the 
laser. Consequently, the InGaAlP laser cannot be manufactured in a high yield or exhibit sufficient 
reliability. 

45 As has been pointed out, the structural parameters of a InGaAlP semiconductor laser have yet to be 
optimized. In particular, the thickness of the active layer is not optimal, and the oscillation threshold value of 
the laser is excessively great Further, since the thickness of the cladding layer is not optimal, the InGaAlP 
laser fails to have good thermal characteristics of sufficient reliability. 

When a semiconductor laser is used as a light source in an optical information-processing apparatus, its 

50 transverse mode must be controlled. Known as an InGaAlP laser, whose transverse mode can be 
controlled, is a rldge-stripe SBR laser. (See extended abstracts, 19th Conf. Solid/state Devices and 
Materials, Tokyo, 1987, pp. 115-118). This laser can emits a beam in fundamental transverse mode, owing 
to its specific structural parameters. However, the structural parameters of the ridge-stripe SBR laser have 
not been optimized so as to reduce astigmatism or to stabilize the transverse mode. The optical 
characteristics of the laser greatly changes in accordance with the compositions forming the lasers, the 
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thickness of the active layer, the width of the stripe, and the like. For example, no difference can be made 
between the layers in effective refractive index, with respect to the horizontal direction. Consequently, the 
ridge-stripe SBR laser functions almost in the same way as a gain-waveguide laser, whereby the 
astigmatism inevitably increases. Further, it operates in a high-order mode unless the stripe width and some 

5 other structural parameters are optimized. If this is the case, the current-output characteristic drastically 
alters in a low-power region, and the laser cannot be used in some types of optical disk apparatuses. No 
quantitative analysis has been made of the dependency of the current-output characteristic upon the 
structural parameters. Therefore, no ranges are known within which the structural parameters should fall so 
that the ridge-stripe SBR laser may have a good current-output characteristic. 

10 " The inventors hereof have been conducting researches in order to provide a semiconductor laser which 
has an InGaAlP layer and a GaAs layer, both formed by MOCVD method, and a single fundamental mode. 
The inventors have found it that a semiconductor laser of the conventional structure, whose comprises a 
cladding layer having stripes and current-blocking layers extending beside the stripes can hardly operate 
reliably or the manufactured with a high yield. This is because a leakage current flows in the current- 

75 blocking layers, disabling the laser to emit a sufficiently intense beam. The inventors have also found that 
selenium, which is the n-type dopant contained in the current-blocking layers, diffuses into the p-type 
cladding layer formed on the active layer, inevitably rendering the cladding layer n-type, and further diffuses 
into the n-type cladding layer formed below the active layer. In consequence, the current-blocking layers 
can no longer block a current to a sufficient degree, disabling the laser to emit a sufficiently intense beam. 

20 It is an object of the present invention Is to provide an InGaAlP semiconductor laser device which has 
optimal structural parameters and, therefore, a small threshold current, and is sufficiently reliable. 

Another object of the invention is to provide an InGaAlP semiconductor laser device which has optimal 
structural parameters and, therefore, has good thermal characteristics and high reliability. 

Still another object of this invention is to provide an InGaAlP semiconductor laser device which has a 

25 current-restricting structure and can operate quite reliably. 

According to the present invention, there is provided a semiconductor laser device which emits a beam 
having a wavelength X and comprises: 
a double-hetero structure including: 

an active layer made of InfGa^XyJP and having a thickness d and a refractive index n a » and first and 
30 second surfaces; 

a first cladding layer of a first conductivity type formed on the first surface of the active layer having a 
refractive index n^ made of ln(Gai. y Al y )P, where x and y satisfy the inequality of 0 £ y < x £ 1; and 
a second cladding layer of a second conductivity type formed on the second surface of the active layer, 
having a refractive index n c 2 , and made of ln(Gai-zAl z )P, where y and z satisfy the inequality of 0 £ y < z £ 
35 1. wherein said double-hetero structure satisfies the following inequality: 
0.015A' ,/2 < d/X < 0.028A' 1/2 

where is specific refractive index difference defined as: 
A = (Ai +A 2 )/2 
Ai = (n^nc 2 ^ 2 ) 
40 and 

A 2 = (na 2 -nc2 2 y(2n a 2 ). 

Further, according to the present invention, there is provided a semiconductor laser device which emits 
a beam having a wavelength X and comprises: 
a semiconductor substrate of a first conductivity type; 
45 an active layer made of InLvtGat-yAlyJyP and having a thickness d, and having first and second surfaces, 
which satisfies the inequality of 0.03 urn £ d £ 0.1 urn; 

a first cladding layer of the first conductivity type formed between the substrate and the first surface of said 
active layer and made of In^GaLxAlJvP, where v is a composition ratio satisfy the inequality of 0 5 v S 1; 
a cladding structure including a second cladding layer of a second conductivity type formed on the second 
so surface of the' active layer having a refractive index n c , made of Ini w (Gai. 2 Alx) v P, and having a flat section 
and a stripe-shaped ridge section projecting from the flat section, where composition ratio x, y and z 
satisfying the inequality of 0 S y < x, z S 1 , the aluminum ratio x and z of the cladding layers being satisfy 
the inequality of 0.65 S x, z S 0.8; and 

a confining layer formed on the flat section of the second cladding layer for confining the laser beam. 
55 This invention can be more fully understood from the following detailed description when taken in 
conjunction with the accompanying drawings, in which: 

Fig. 1 is a sectional view showing a semiconductor laser according to a first embodiment of the 
present invention; 
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Fig. 2 is a diagram representing how the threshold-current density J th of the laser shown in Fig. 1 
changes with the thickness d of the active layer of the laser, at various values for the difference A of the 
specific refractive Index; 

Figs. 3A and 3B schematically illustrate the three-layer waveguide which are incorporated in the 
s semiconductor laser shown in Rg. 1 ; 

Fig. 4 is a characteristic diagram showing the relationship which the difference A and the thickness d 
have when the threshold-current density J th is minimum; 

Rg. 5 is a diagram showing how the energy loss o changes with the thickness H of the cladding 
layer, at various values for the thickness d of the active layer; 
70 Rg. 6 is a diagram illustrating how the thickness H of the cladding layer changes with the thickness d 

of the active layer, such that the energy loss a falls within a prescribed range; 

Rg. 7 is a diagram representing how the thickness H of the cladding layer changes with the 
difference A, such that the energy loss a falls within a prescribed range; 

Rg. 8 is a characteristic diagram showing how much the temperature of the active layer changes with 
is the thickness H of the cladding layer, at various values for the thickness d of the active layer; 

Rg. 9 is a diagram representing how the threshold current l th changes with the thickness H of the 
cladding layer, at various values for the thickness d of the active layer; 

Fig. 10 is a sectional view showing a semiconductor laser according to a second embodiment of the 
present invention; 

20 Rg. 1 1 is a diagram representing how the density Jth of the threshold current of the double-hetero 

(InGaP/lnGaAlP) structure shown in Rg. 10 changes with the thickness d of the active layer of the laser; 

Rg. 12 is a characteristic diagram showing how the thickness d of the active layer should be 

determined in accordance with the aluminum ratio of the active layer, thereby to minimize the density J lh of 

the threshold-current density J th ; 
25 Rg. 13 Is a diagram showing the calculated dependency of the beam-diverging angle upon the 

aluminum ratio of the cladding layer, which may be observed with the semiconductor laser shown in Rg. 

10; 

Rg. 14 is a diagram prepared based on experiments and representing how the aluminum ratio of the 
cladding layer used in the laser shown in Rg. 10 influences the current density in the active layer, the 
30 temperature of the active layer, and the maximum temperature the active layer can have while continuously 
emitting a beam; 

Fig. 15 is a diagram prepared based on experiments and illustrating how the temperature of the 
active layer used in the layer shown in Rg. 10 depends upon the thickness of the active layer; 

Rg. 16 is a diagram also prepared based on experiments and showing the dependency of 
as astigmatism upon the difference A of the effective refractive index of the cladding layer; 

Rg. 17 is a diagram showing the estimated relationship which the thickness d of the active layer and 
the distance ho between the active layer and the beam-shielding layer having in the laser of Rg. 10 at 
various values for AN; 

Rg. 18 is a diagram representing the estimated relationship which the distance h 0 and A x have in the 
40 laser of Fig. 10 at various values for AN; 

Rg. 19 is a diagram showing the estimated relationship which ho and the width W of the stripe have 
in the laser shown in Rg. 10 at various values for the difference Ao of mode loss; 

Rg. 20 is a diagram showing the estimated relationship which ho and the width W of the stripe have 
in the laser shown in Rg. 10 at various values for the difference « 0 of fundamental mode loss; 
45 Rgs. 21 and 22 are sectional views showing two modifications of the semiconductor laser shown in 

Rg. 10, respectively; 

Rg. 23 is a diagram showing the calculated dependencies of Aa and ao upon the thickness t of the 
second cladding layer, which may be observed in the laser shown in Rg. 21; 

Rg. 24 is a diagram showing the calculated dependency of the oscillation threshold value upon the 
so thickness t of the second cladding layer, which may be observed in the laser shown in Fig. 21; 

Rg. 25 is a sectional view illustrating a third modification of the semiconductor laser shown in Rg. 10; 
Rg. 26 is a sectional view schematically showing a semiconductor laser according to a third 
embodiment of the present invention; 

Rg. 27 is a sectional view of the current-blocking section of the semiconductor laser shown in Fig. 

55 28; 

Rg. 28 is a diagram Illustrating the relationship between the withstand voltage and carrier concentra- 
tion of the current-blocking layer of the laser shown in Rg. 26; 
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Fig. 29 is a diagram representing both the current-output characteristic and the current-voltage 
characteristic of the semiconductor iaser shown in Fig. 2B; 

Fig. 30 is a sectional view showing a semiconductor laser according to a fourth embodiment of the 
present invention; and 

5 Figs. 31 A to 31 F are sectional views, explaining how the semiconductor laser shown in Fig. 30 is 

manufactured. 

Fig. 1 schematically illustrates a semiconductor laser according a first embodiment of the present 
invention. As this figure shows, an n-type ln 0 .5(Gai. x Atx)o.5P cladding layer 11 is formed on an n-type GaAs 

to substrate 10. An undoped InGaP active layer 12 is formed on the cladding layer 11. Further, a p-type ln Q . 5 - 
(Gai. x Alx)o^P cladding layer 13 is formed on the active layer 12, whereby the layers 11, 12 and 13 
constitute a double-hetero structure. A p-type InGaP cap layer 14 is formed on the cladding layer 13. An n- 
type GaAs layer 15 for restricting an electric current is formed on the cap layer 14. The layer 15 has a slit, 
thus exposing a portion of the cap layer 14. A contact layer 16 is formed on the exposed portion of the cap 

ts layer 14 and also on the current-restriction layer 15. An n-type electrode 17 is formed on the lower surface 
of the substrate 10, and a p electrode 18 is formed on the upper surface of the contact layer 16. The 
aluminum composition ratio x of the cladding layer 11 is 0.7. The active layer 12 has a thickness d of 0.06 
am. Both cladding layers 11 and 13 have the same thickness H of 0.85 urn. 

The parameters, which determine the specific structure of the semiconductor laser, will be explained. 

zo Generally, the threshold-current density J t h of a semiconductor laser is given as follows: 
J,h = Jodta + {d/(mra)3)Ka. + (1/L)ln(1/R)} (1) 

where in is the internal quantum efficiency, r a is the light-confinement factor of the active layer, a\ is the 
sum of the free-carrier loss and the waveguide mode loss, L is the cavity length, R is the facet reflectivity, 
J 0 and 0 are coefficients representing the gain characteristics of the iaser, both determined by the materials 

25 of the laser. a t can be obtained using the dependence of external quantum efficiency on cavity length, and 
m can be obtained from the life-time of non-radiative recombination and the radiative recombination constant 
for spontaneous emission. (The non-radiative recombination life-time has been calculated from the delay 
time of the oscillation.) Eq. (1) represents a definition of J 0 and j3, so these parameters can be obtained 
experimentally by estimating the dependence of J th on cavity length. r a and R are determined by the 

30 waveguide structure, mainly by the refractive indices and thicknesses of the active layer 12 and the 
cladding layers 11 and 13. They are given as the functions of the thickness d of the active layer and the 
difference A of the specific refractive indices, provided that the cladding layer 1 1 is sufficiently thick, and 
the refractive index of the active layer 12 little depends upon the composition of the layer 12. The 
difference A is defined by the following equation: 

35 A - (n a 2 -n c 2 )/(2n a 2 ) *-* (n a -nc)/n a (2) 

where n a and n 0 are refractive indices of active layer 12 and cladding layers 11 and 13, respectively. 

When the cavity length remains unchanged, the threshold current density J t n is given as the function of 
d and A. Therefore, the optimum thickness d of the active layer 12, which minimizes the threshold current 
density J t h for given A. can be determined when the values for a lt nu Jo. and 0 are known. A semiconductor 

40 iaser of the structure shown in Fig. 1 was actually made, and the parameters thereof were evaluated. The 
results were: aj * 10 cm" 1 ; ni - 0.61; J 0 = 9 x 10 3 A/cm 2 /am; and /3 = 2.1 x 10~ 2 cm # um/A. The 
threshold current density J th was calculated from these values, assuming that L = 300 urn, and the 
difference A ranges from 0.01 to 0.10. The results were as is shown in Fig. 2. The claading layers 11 and 
13 of the laser, which were made of ln 0 .5(Gai. x AX x ) 0 ^P had refractive index n which is given as follows: 

45 n = 3.65 - 0.38x (3) 

Therefore, the difference Ax between the aluminum composition ratio of the active layer 12 and that of the 
cladding layers 11 and 13 is related to the specific refractive index difference A as follows: A h 0.1 Ax 
(4) 

As can be understood from Fig. 2, there is an optimal value for the thickness d of the active layer 12, 
so which minimizes J th at a given value of the difference A. To explain the relationship between the optimal 
thickness d and the difference A qualitatively, it will be discussed what relationship d and r a have. For 
simplicity's sake, the discussion is limited to the three-layer waveguide shown in Fig. 3A, which consists of 
an active layer 20 and two cladding layers 21 and 22. Let the mode function of this waveguide be denoted 
as: 

P(x) = I cos(KX) l x ' * d/2 

1 cos(K-d/2)exp(-Y|x|) | x | * d/2 ... (5) 
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Then, the confinement factor r a is given as: 
r a = {d + 2 T /(2ko 2 n a 2 A)}/(d + 2/y) (6) 

The values of x and 7 are given as follows, due to the boundary conditions and the like: tan(*d/2) = 7/* 

(7) 

5 t 2 + x 2 - 2ko 2 n a 2 Ad (8) 

Thus, when both d and A are small, 7 can be approximated as follows: 
7 ^ ko 2 n a 2 Ad (9) 

where ko = 2tt/X, wherein X is the wavelength of the laser beam. Assuming that d is sufficiently small, we 
can obtain the following equation by substituting equation (9) into equation (6): 
70 r a = koWAd 2 (10) 

Equation (10) is substituted into equation (1). and then the equation is differentiated with respect to d. 
By setting the differentiated function to 0, the thickness d which will reduce J th to a minimum is obtained. 
Namely: 

d 2 = (1/A){a, + (1/L)ln(1/R)}/(ko 2 n a 2 J 0 /S) (11) 
75 Here, it is assumed that d does not greatly depend on the facet reflectivity R. The thickness d which 
minimize Jth is given as: 

d/X = A* 1/2 [{a, + (1/L)(Ln(1/R)}/(J 0 )S) 1/2 /2 7 rn a (12) 
When L = 300 urn, and R = 34%, then: 
d/X^0.022A (13) 

20 The cavity length ranges from 200 to 400 um in most semiconductor lasers. Hence, the thickness d 
shown in equation (13) represents the optimal thickness of the active layer, which will minimize the 
threshold current density J t h- 

A similar results will be obtained directly from equation (1). The broken line shown in Fig. 4 represents 
the relationship between the thickness d and the difference A, which will reduce J th to a minimum. In Fig. 4, 

26 the shaded region indicates the range for the thickness d, within which J lh is equal to at most 1.05 times the 
minimum value. The broken line, and the two solid lines showing the upper and lower limits of the thickness 
range have a slope of approximately -1/2, when both d and A are plotted on the logarithmic scales. As is 
evident from equation (13), d « A'" 2 . Further, as can be understood from Fig.4, d/X fails within the following 
range when A ranges from 0,05 to 0.1: 

30 0.015A* ,/2 < d/X< 0.028A' 1/Z (14) 

Equation (14) suggests that the threshold current density J t n does not increase over 1.05 times its 
minimum value as has been pointed out. The increase in the threshold current, which results in this small 
increase of J th . can be neglected. It follows that, when the active layer has a thickness d failing within the 
range given by equation (14), the InGaAXP semiconductor laser has a sufficiently small threshold current. 

35 Equation (13) shows the value for the difference A of the specific refractive indices, which is substantially 
halfway between the lower and upper limits of A as is evident from the diagram of Fig. 4. 

The optimization of the thickness of the cladding layers 11 and 13 will be discussed. InGaAlP is 
distinguished from GaAs and GaAlAs, since it has high thermal resistivity. For example, in 0 . 5 (GaojAto.7)o.5P 
has thermal resistivity of 17 K # cm/W, whereas GaAs and Gao.eAI0.4As have thermal resistivities of 2 

40 K*cm/W and 8 K*cnVW, respectively. Thus, since the cladding layers 11 and 13 are made of InGaAlP, 
their thicknesses greatly influence the thermal characteristic of the semiconductor laser. The thicker the 
layer 13. the higher its thermal resistance. In addition, the cladding layer 13, which is a p-type layer, has a 
high electrical resistance, and heat is generated within the layer 13 when a current flows through the layer 
13. The active layer 12, which contacts the cladding layer 13, is inevitably heated to so high a temperature 

45 that the threshold current increases too much. In view of the thermal characteristic of the laser, the thinner 
the cladding layers 11 and 13, the better. However, when the layer 11 or 13 is too thin, the tail of the 
waveguide reaches the GaAs layer. Part of the optical energy is absorbed by the GaAs substrate 10 and 
the contact layer 16, and the threshold current density J t h increases. As a result, the temperature of the 
active layer 12 rises. 

50 Therefore, it is desirable that the cladding layers 1 1 and 13 be as thin as possible, but be thick enough 
to prevent optical energy from being absorbed into the substrate 10 or the contract layer 16. 

It will now be explain what relation the thickness H of the cladding layers 11 and 13 have with the other 
structural parameters of the semiconductor laser illustrated in Fig. 1. 

Fig. 3B shows another waveguide which has two layers located on both sides of the three-layer 
56 waveguide. Two outer layers act as light-absorbing layer. In the case of this five-layer waveguide, the 
optical loss o for the waveguide mode due to the light-absorbing layers is given as: 
a = r c '-ai (15) 

where a\ is the absorption coefficient of either layer, and T c is the optical confinement factor of either 
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layer. r c ' is approximately: 
a = r c ' = Tcexp(-2 7 H) (16) 

where r c is the confinement factor of the cladding layers 11 and 13, and is approximately given as: 
T c * {2(2k 0 ^n a 2 *A- 7 2)V(2ko 2 n a 2 A)}/(d+2/ 7 ) (17) 
5 r g is about 1 when A < 1, and d/X < 1. The optical loss cr is determined by 7 H, as can be understood 
from equations (15) and (16). By virtue of equation (9), 7 H is represented as: 
7 H * k Q 2 n a 2 AdH (18) 

Obviously, the greater the product of A, d, and H, the less the (optical) loss a. Hence, when d or A is small, 
H must be reversely great in order to maintain the (opticai) loss o at a predetermined value. 

iq Rg. 5 is a diagram prepared by simulating a waveguide model having a complex index of refraction, 
and represents the relationship between the (optical) loss a and the thickness H of the cladding layers 1 1 
and 13. As is evident from Rg. 5, once a specific value is given for or, the thickness H of the cladding layers 
11 and 13 in respect to the thickness d of the active layer is determined. It will be discussed what value the 
(optical) loss a must have not to influence the threshold current of the semiconductor laser. The last term of 

rs equation (1), i.e., (1/L)ln(1/R), is the (optical) loss due to the reflection of light at two facets of the laser. 
This (optical) loss has the value given below, since L = 300 urn, and R = 34% in the semiconductor laser 
shown in Rg. 1 ; 

(1/L)tn(1/R) = 36 cm- 1 (19) 

Apparently, the less the energy loss a f the less the threshold current density J th is influenced. Hence, the 

20 upper limit of a is set at 20 cm"', or only about half the value of equation (19). When the thickness H of the 
cladding layers 11 and 13 is selected such that the energy loss a is equal to or less than 20 cm"* 1 , the 
threshold current density J lh is not be influenced excessively. Nonetheless, as has been noted, the thermal 
resistance of the cladding layer 13 rises, inevitably increasing the threshold current, when the layer 13 is 
too thick. To limit the thickness H, the lower limit of a is set at 1 cm" 1 . This value of 1 cm" 1 is far less the 

25 value specified in equation (19). Thus, the energy loss can be considered to little influence the threshold 
current of the semiconductor laser. Even if a is set at less than 1 cm" 1 , no advantages will achieved. 
Therefore, in this embodiment 
1 cm" 1 < a < 20 cm" 1 (20) 

Rg. 6 is a diagram representing the relationship between the thickness H of the cladding layers and the 

30 thickness d of the active layer 12. More precisely, the upper curve shows the relationship which H and d 
have when a is 1 cm" 1 , and the lower curve shows the relationship which H and d have when a is 20 cm" 1 . 
To satisfy equation (20), the thickness H must be in the shaded region defined by the two curves. Both 
curves shown in Rg. 6, which represent the upper and lower limits of the thickness H, have a slope of 
approximately -1/2 since both d and H are plotted on the logarithmic scales. Hence, as long as o remains 

35 unchanged, H and d have the following relationship: 
H«d' ,/2 (21) 

Fig. 6 shows the relationship which the thicknesses H and d have when A is constant (= 0.07). When 
the thickness d is constant (= 0.06 urn), then H and A will have such a relationship as is illustrated in Rg. 
7. The H-A relationship shown in this figure is concerned with the case where the InGaP layer 12 has 
40 refractive index n a of 3.65, and the In o.s(Gai.xAlx)o^ layer 11 has refractive index of n c of (3.65 - 0.38x). 
Also plotted in Rg. 7 is the difference Ax between the aluminum ratios of the layers 11 or 13 and 12. The 
two curves shown in Rg. 7, which represent the upper and lower limits of the thickness H, have a slope of 
approximately -1/2. Hence, as long as o remains unchanged, H and A have the following relationship: 
H « A' 1 * (22) 

45 From equations (21) and (22), the relationship among H, d, and A can be represented as follows: 
H « (Ad)* 1/a (23) 

When both H and d are normalized in terms of wavelengths, then the value for H, which satisfies 
equation (20). can be obtained as follows, from the data shown in Rgs. 6 and 7: 
0.08( Ad/\r 1/2 < H/X < 0.1 2(Ad/X)' 1/2 (24) 

50 Hence, when H is set within this range, the semiconductor laser has no optical energy loss due to the 
energy absorption in the GaAs substrate 10, and the thermal resistance of the cladding layer 13 is reduced 
to a minimum. For instance, when X = 0.67 urn, d = 0.06 urn, and A ■ 0.07, the thickness H, which 
satisfies equation (20), will be: 
0.68 urn < H< 1.0 urn (25) 

55 In order to establish that the range of a defined by equation (20) is reasonable, the temperature rise AT 
of the active layer 12, and the threshold current U were calculated by simulating a thermal conduction 
model. Rgs. 8 and 9 show the dependencies of AT and \ xtl upon the thickness H of the cladding layers 1 1 
and 13. As is evident from these figures, there must be such a specific value of H for each active layer 
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having a different thickness d, as would minimize either AT or l th . The relationship which is shown in Fig. 9 
and which H and d have to reduce i lh to a minimum is indicated by the broken curve shown in Fig. 6. As 
can be understood from Fig. 6 and Rg. 9, the value of H which would minimize l lh is plotted near the 
middle point of either curve (Fig. 6) representing the relationship which H and d have when a is 1 cm" 1 or 
5 20 cm" 1 . Hence, the range of a defined by equation (20) is reasonable. 

From the broken curve shown in Rg. 6, the value of H which minimizes l th is given as follows: 
H/\N0.1(Ad/\)' 1/2 (26) 

Rg. 9 shows that the threshold current l th is minimal when the cladding layers 11 and 13 have 
thicknesses H of 0.85 urn. The cladding layers of most conventional GaAlAs lasers have a thickness of 1 
to urn of more. By contrast, the optimal thickness H of the cladding layer of the InGaAlP laser is slightly less 
than 1 jim, as has just been discussed. Hence, according to the present invention, the thickness of the 
cladding layers 11 and 13 is 1 am or less. From equations (13) and (26), the relationship between H and A 
can be represented as follows: 
H/X 0.67A- 1 ' 4 (27) 

is The above description in limited to the cases where the cladding layers 11 and 13 have the same 
aluminum ratio. When the layers 11 and 13 have different aluminum ratios, more particularly when the layer 
11 is made of InojfGa! .xAiJo-sP having refractive index of ij c i. and the layer 13 is made of Ino^GaLzAlJ- 
o^P having refractive index of r a defined by the equation (10) will be approximated as follows: 
r a = kp 2 n a 2 Ad 2 (10') 

20 where 

A = {(Ai +A 2 )/2}{1 + (A, + A 2 ) 2 /(4A,A 2 )}/2 
Ai = (n a 2 -n d 2 )/(2n a 2 ) 
A 2 = (n a 2 -nc2 2 )/(2n 8 2 ) 

When the difference between jjci and is small, A can be approximated to be the average value for 
25 Ai and A 2 . Namely: 
A^(Ai+A 2 )/2 

In this case, it suffice to substitute A for A in formulae (11) to (14). The inequality (24) can be replaced 
by the following inequalities which define the thickness Hi of the cladding layer 1 1 and the thickness H 2 of 
the cladding layer 1 3; 
30 0.08(Aio7X)- 1/2 < Hi/X < 0.12(Aid/\r 1/2 
and 

0.08(A 2 d/\)' 1/2 < H 2 /X < 0.12(A 2 o7X)- 1/2 . 

As has been explained, the threshold current of the InGaAlP semiconductor laser can be reduced 
sufficiently when the active layer has the thickness d specified by equation (14), more specifically by 
as equation (13). Further, the rise of the temperature of the active layer can be minimized, and the laser can 
thus operate reliably, when the cladding layer has the thickness H given by equation (24). more specifically 
by equation (26). These have been ascertained by the results of the test performed on the devices actually 
made and identical to the embodiment shown in Rg. 1 . 

The present invention is not limited to- the embodiment described above. For example, the materials of 
40 the double-hetero structure need not be InGaP and ln 0 ^(Gao^Al 0 .7)o.5P- It suffices that the active layer 12 
' and the cladding layers 11 and 13 are made of InfG^.yAlyJP and MGaj.xAljJP, respectively, where 0 S y 2 
x 2 1 . Further, the double-hetero structure need not be limited to an inner stripe one shown in Rg. 1 ; it can 
be any gain-guiding structure or index-guiding structure. Still further, the material of the cladding layer, 
whose thickness H must be optimized, need not be InGaAlP. Any other material can be used that enables 
45 either the substrate or the contact layer to absorb energy. Moreover, various changes and modifications can 
be made, without departing the spirit of the present invention. 

As has been described in detail, the present invention can provide an InGaAlP semiconductor laser, 
which has small threshold current, excellent thermal characteristics, and high reliability. 

A semiconductor laser according to a second embodiment of the present invention will now be 
so described, with reference to Rg. 10 through Rg. 27. 

Rg. 10 is a sectional view schematically showing the second embodiment of the invention. In this 
figure, the same reference numerals designate the same components as those of the first embodiment 
shown in Fig. 1. An n-type cladding layer 11 is formed on a substrate 10. The aluminum ratio x of this 
cladding layer 11 or 13 Is 0.7. An active layer 12 is formed on the cladding layer 11, and has a thickness d 
55 of 0.06 urn. A p-type cladding layer 13 is formed on the active layer 12. This cladding layer 13 has a ridge- 
shaped portion 1 9. A light-confining layer 1 5 is formed on the entire supper surface of the cladding layer 
13, except for the ridge-shaped portion 19. The distance h c between the active layer 12 and the light- 
confining layer 15 is 0.2 urn. The ridge 19 has a width W of 5 urn at the base. The n-type cladding layer 11 
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has a thickness Hi of 0.8 urn. The portion 19 of the p-type cladding layer 13 has the same thickness H 2 of 
0.8 urn. 

Also in this laser, the n-GaAs light-confining layer 15 is located close to the active layer 12, and 
absorbs the light emitted from the active layer 12 in the region outside the ridge. As a result, the double- 

5 hetero structure at the ridge-shaped portion 19 and that at outer portions have different effective complex 
indices of refraction. Due to the difference in complex refractive indexes, the light confined in the stripe 
section in the horizontal direction. The light-confining layer 15 performs the same function as the current- 
restriction layer 15 used in the laser illustrated in Fig. 1. More precisely, an electric current flows in only the 
ridge-shaped portion 19- due to the existence of the layer 15. Therefore, the laser has a small threshold 

w current. 

The semiconductor laser of the second embodiment (Fig. 10) is designed to control the transverse 
mode, and it cannot accomplish a stable transverse-mode oscillation, with astigmatism limited as much as 
possible, unless it has optimal structural parameters. The parameters specified above are nothing more than 
a few examples. The best possible structural parameters of this laser will now be discussed. 

75 The characteristic of a semiconductor laser, which must be first taken into consideration, is its threshold 
current for oscillation. This value Is determined, almost singly by the density of the threshold current in the 
dcuble-hetero structure which is the main section of the laser. In the case of a transverse-mode stabilized 
laser, the threshold current value is determined by not only the threshold-current density, but also the 
waveguide-mode energy loss. 

20 As can be understood from Fig. 10, the InGaP active layer 12, the n-type, in 0 .s(Gai.xAl x )o.5P cladding 
layer 11, and the p-type Ino^Gai.xAXxhjiP cladding layer 13 constitute a doubie-hetero structure. Like Fig. 
2. Fig. 11 shows the dependency of the threshold-current density J th in the doubie-hetero structure upon 
the thickness d of the active layer 12, at various aluminum ratios x of the cladding layers 11 and 13. As is 
evident from Fig. 11, there is an optimal value for the thickness d of the active layer 12, which minimizes J th 

25 at a given aluminum ratio. The broken line shown in Fig. 12 represents the relationship between the 
thickness d which minimize the density J th . and the aluminum ratio x. In Fig. 12, the shaded region 
indicates the range for the thickness d, within which J t h is 2 kA/cm 2 or less. The diagram of Fig. 12 applies 
to the case where the active layer 12 is made of InGaP. Nonetheless, it can apply to the case where the 
layer 12 is made of ln 0 .s(Gai. y Al y ) 0 .5P. In this case, what is plotted on the horizontal shaft is the difference 

30 Ax between the aluminum ratio x of the cladding layer 11 and the aluminum ratio y of the active layer 12. 
As is clear from Fig. 11, the density J t h sharply increases in inverse proportion to the aluminum ratio x or 
the difference Ax. 

The greater the aluminum ratio x t the better, in view of the reduction of the threshold-current density. 
However, when the aluminum ratio x is great, the difference between the refractive index of the cladding 
35 layer 11 or 13 and that of the active layer 12 proportionally increases. Consequently, the cladding layers 11 
and 13 confines light within the active layer 12 to a greater degree, and the beam-diverging angle increases 
so much that the laser can no longer be practical. 

Fig. 13 is a diagram representing the relationship which the beam-diverging angle 0_L and the 
aluminum ratio x have when the active layer 12 is 0.06 urn thick. As can be understood from Fig. 13. the 
40 beam-diverging angle $J_ substantially proportionate to the aluminum ratio x. A lens having a large NA 
(Numerical of Aperture) is required to collimate the beam emitted from a semiconductor laser and diverging 
at a great angle. Generally, it is difficult to use a lens having a large NA. In particular, a lens having an NA 
greater than 0.3 is difficult to adjust, and also gives rise to astigmatism. Further, such a lens is expensive, 
and an optical system including this lens is also expensive. NA of 0.3 is equivalent to a beam-diverging 
45 angle of 35* , i.e.. 2 sin- 1 ^). Hence, to use a lens whose NA is 0.3 or less, the beam-diverging angle e£ 
must be 35* or less. From Fig, 13 it is evident that the aluminum ratio x must be 0.8 or less to prevent the 
beam-diverging angle from increasing over 35* . 

It is obvious from Figs. 12 and 13 that J th * 2 kA/cm 2 , and 6 _L * 35* . The ranges for x and d are: 
0.55 Sx* 0.8 (28) 
so 0.02 urn S d 2 0.1 urn (29) 

These are the results of a simulation analysis. These ranges for x and d must be narrower in practice, 
because of various problems such as the limited doping level of the cladding layer, the fail of the 
characteristic temperature due to carrier overflow, and the fall of the maximum oscillation temperature. 

Fig. 14 is a diagram prepared based on the results of experiments, and representing how the threshold- 
55 current density J t h. the characteristic temperature T 0 , and the maximum oscillation temperature T^ 
depend upon the aluminum ratio x of the cladding layers 11 and 13. 

As is evident from Fig. 14, the threshold-current density J th is too high, about 3 kA/cm 2 when the 
aluminum ratio x is 0.4. Even when x is 0.5, J, h is still high, i.e., 1.8 kA/cm 2 . However, when x is 0.7, J th is 
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reduced to 1.3 kA # cm 2 . Therefore, the aluminum ratio x should better be 0.7, rather than 0.4 to 0.5. 

Also, as is clear from Fig. 14, the characteristic temperature T 0 increases with the aluminum ratio x. 
When x increases from 0.5 to 0.7, the characteristic temperature T 0 rises from 70K to 85K, and the 
maximum oscillation temperature t££ x ' a,so rlses about 20 * c - The temperature Tp x is one of 

s the operation characteristics of a semiconductor laser. The higher the temperature T max , the better. 
The test of InGaAIP semiconductor lasers, which the inventors hereof have carried out, showed that, when 
the lasers were operated at 50* C. they failed to emit stable beams unless T^ x was at least 70* C. 
Tmax Is less than 70 ' C when the aluminum ratio x is less than 0.6, as can be understood from Fig. 14. 
Hence, when the aluminum ratio x of the cladding layer 11 or 13 is 0.65 or more, not only the threshold- 

ro current density J lh is sufficiently low, but also the laser can continuously emit a stable beam. 

Fig. 15 is a diagram also prepared based on the results of experiments, and representing the 
dependency of the characteristic temperature T 0 upon the thickness d of the active layer 12. As this 
diagram shows, the temperature T Q was very low when the thickness d was less than 0.03 urn. The results 
of the experiments revealed that the maximum oscillation temperature T^ x was too low when the 

75 thickness d was less than 0.03 urn. The results of the experiments and equations (28) and (29) suggest that 
the laser has a sufficiently small threshold current and excellent thermal characteristics when the aluminum 
ratio x of the cladding layers 11 and 13 and the thickness d of the active layer 12 fall within the following 
ranges: s 

0.65 5 x S 0.8 (30) 

20 0.03 urn S d £ 0.1 urn (31) 

The relationship between the aluminum ratio x and the p-type carrier concentration in the p-type 
cladding layer 13 will be briefly discussed. Either Zn or Mg can be used as the p-type dopant. Through 
experiments it has been found that, when Mg is used, it is difficult to control the forming of a PN junction. 
Therefore, Zn is used in the presenting invention. The experiments conducted by the inventors showed that, 

25 when the aluminum ratio x was 0.8, the p-type carrier concentration was only 1 x 10 17 cm" 3 , and both the 
characteristic temperature T 0 and the maximum oscillation temperature T^ x fell too low. When the 
aluminum ratio x was 0.75, the p-type carrier concentration increased to 2 x 10 17 cm" 3 , and the 
characteristic temperature rose to 90K. Hence, in the present invention, when Zn is used as the dopant in 
the p-type cladding layer 13, the aluminum ratio x is 0.75 or less. 

30 The structural parameters, which enable the semiconductor laser shown in Fig. 10 to operate in a stable 
fundamental transverse mode will be discussed. To confine light propagating in the semiconductor laser, it 
is required that the effective refractive index varies in the horizontal direction. This variation of the refractive 
index must be great enough to compensate for the variation of the refractive index, which has resulted from 
the plasma effect accompanying the carrier injection. In the case of a GaAlAs semiconductor laser or an 

35 InGaAsP semiconductor laser, the variation of the refractive index, resulting from the plasma effect, is in the 
order of 10~ 3 . It can be assumed that the refractive index varies by a similar value also in an InGaAIP 
semiconductor laser. When the change, or difference AN, of the effective refractive index is less than 10" 3 , 
the effect of the gain-guiding becomes predominant, and the phase of the beam wave is delayed due to the 
gain distribution of the waveguide. Because of the phase delay, the waist of the beam being emitted from 

40 the laser deviates greatly from the beam-emitting facet of the laser. In other words, the astigmatism 
becomes prominent. 

Fig. 16 is a diagram representing the relationship between astigmatism Az and the difference AN of 
effective refractive index, which was observed in a semiconductor laser having a stripe width W of 5 am. As 
is evident from Fig. 16, the astigmatism Az drastically increases in reverse proportion to the difference AN. 
45 This semiconductor laser operated almost in the same way as a gain-guiding type, in the region where AN 
is less than 2 x 10~ 3 . Therefore, the difference AN of effective refractive index must be 2 x 10~ 3 or more, 
so that the propagating light wave is confined in the horizontal direction. When the difference AN was 5 x 
10~ 3 or more, the light was more effectively confined, reducing the astingmatism Az to 15 u.m or less. 

In the semiconductor laser shown in Fig. 10, AN is the difference in effective refractive index between 
so the ridge-shaped portion 19 and the other portions. The effective refractive index of the other portions 
greatly depends on the distance h 0 between the active layer 12 and the light-confining GaAs layer 15. 

Fig. 17 shows the estimated relationship which the thickness d of the layer 12 and the distance h 0 have 
at various values for AN. As is understood from this figure, AN decreases in inverse proportion to the 
thickness d and the distance h 0 . The relationship which the thickness d and the distance ho have at a given 
55 value of AN is represented as: h Q * d* 1/2 . 

Fig. 18 represents the estimated relationship which the distance h 0 and the difference Ax in aluminum 
ratio x have at various values for AN. As is evident from Fig. 18, the relationship between the distance h 0 
and difference Ax, at a given value of AN, Is represented as: h 0 « Ax* 1/2 . 
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When the distance h 0 and the thickness d are normalized in terms of the oscillation wavelength X, the 
distance h 0 which renders AN constant, the thickness d t and the difference Ax will have the following 
relationship: 

frVX « (Axd/X)- 1 * (32) 
5 When AN S 2 x 10~ 3 , the following can be obtained from Figs. 17 and 18: 
ho/X 5 0.13 (Axd/X)' 1/2 (33) 

When AN 5 5 x 10~ 3 , the following can be obtained from Figs. 17 and 18: 

ho, X $ 0.09 (Axd/xr" 2 (34) 

The distance h 0 must satisfy inequality (33) even if the refractive index changes due to the plasma 
10 effect, in order to prevent the laser from performing a gain-guiding type. To enable the laser to achieve the 

advantages possible with index-guiding structure, it suffices that the distance ho satisfies inequality (34). For 

instance, when X ■ 0.67 urn, Ax = 0.7, and d = 0.06 urn, the distance h 0 will have the following values to 

satisfy inequality (33) and inequality (34): 

h 0 S 0.35 urn (35) 
T5 h 0 S 0.24 urn (36) 

Theoretically, the lower limit of the distance h 0 is 0. In practice, however, the distance h p cannot be 0. 
When h 0 is nearly equal to 0, the current cannot be sufficiently blocked in the portions outside of the ridge- 
shaped portion. Consequently, a leakage current flows, impairing the current-voltage characteristic of the 
semiconductor laser. 

20 According to the results of the experiments conducted by the inventors, a leakage current flowed when 
the distance h 0 was less than 0.1 urn. Hence, the distance h 0 should be 0.1 urn or more, in order to prevent 
such a leakage current 

The relationship between the stripe width W and the transverse mode will now be discussed. As has 
been described, the degree of light confinement greatly depends on AN which is determined by h 0 , d, and 

25 Ax. Inequalities (33) and (34) give the lower limits of AN. When AN is too great, the laser is likely to 
perform a high-order mode oscillation, depending on the stripe width W. Since the laser shown in Fig. 10 is 
of loss-guiding type, it does not perform a high-order mode oscillation even if there exists a solution to the 
high-order mode, as long as the laser is supplied with a current which nearly equal to the threshold value. 
This is because the gain of the fundamental mode oscillation is greater than that of the high-order mode 

30 one, at the current nearly equal to the threshold value. When the current supplied to the laser increases 
above the threshold value, the gain of the high-order mode oscillation and the loss thereof balance. If this is 
" the case, the laser performs the high-order mode oscillation. The smaller the difference between the loss of 
the high-order mode oscillation and that of the fundamental mode oscillation, both performed at the 
threshold current, the more probably the laser performs the high-order mode oscillation in a low power 

35 region. Fig. 19 shows the estimated relationship which h 0 and W have in the laser (Fig. 10) at various values 
for the difference Aa between the loss of the first mode oscillation and that of the fundamental mode 
oscillation. Both h 0 and W are plotted on the logarithmic scales, and the lines showing the h 0 -W 
relationships at different values for Aa have a slope of approximately -1/3. Thus, as long as Aa remains 
unchanged. h 0 and W have the following relationship: 

40 W « h 0 1/3 (37) 

This difference Aa can be determined largely by the difference AN of effective refractive indices and 
the stripe width W of the ridge portion 19. Hence, the difference Aa is considered to depend upon the other 
parameters, i.e., the thickness d and the difference Ax of aluminum ratios, just in the same way as the 
difference AN does. From the relationship (32), AN can be represented as a function of [(lvX)(Axd/X) 1/2 ]. 
45 Hence, when the relationship (37) is taken into account, W, h 0 , d, and Ax should have the following 
relationship to render Aa constant 
W/X « [(h 0 /X)(Axd/X) , ' 2 ] v3 (38) 

Here, let the difference Aa, which is required to achieve a stable, fundamental mode oscillation, be set 
at 20 cm -1 . This value is equivalent to half the cavity loss (1/L)'tn(1/R) resulting from the reflection of the 
so beam at the laser facets. If the difference has this value when the current supplied to the laser is 1 .5 times 
of the threshold value l, h , the high-order mode oscillation can be suppressed. 

From the relationship (38), we can determine, as follows, the range within which the stripe width W 
should fall to render the difference Aa equal to or more than 20 cm" 1 . 
W/X S 20[(h o /X)(Axd/X) 1 *] 1 * (39) 
55 For instance, when X = 0.67 urn, Ax = 0.7, d = 0.06 urn, and h = 0.2 m, the width W will have the 
following value to satisfy the relationship (39): 
W S 5.6 urn (40) 

Fig. 20 represents how the fundamental mode loss a 0 depends on W and h 0 , when d = 0.06 urn. and 
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Ax = 0.7. As is evident from Fig. 20, unless the width W satisfies the relationship (39). and thus is not too 
small, the loss of the fundamental mode oscillation is far less than the cavity loss, and an increase of the 
threshold current makes no problem. When the mode loss which would affect, the threshold current is set to 
be 20 cm" 1 , approximately half the reflection loss at the laser facets, the range within which W should fall to 
5 satisfy a 0 £ 20 m~ % is given as follows: 
W/X * 1 3[(ho/X)(Axd/\) ,/2 ] iy3 (41 ) 

When X = 0.67 urn. Ax = 0.7, d = 0.6 m t and h = 0.2 m, the width W will have the following value to 
satisfy the relationship (41): 
W 2 3.7 urn (42) 

10 The above discussion Is based on the results of the simulation performed on a model identical in 
structure to the laser of Rg. 10, wherein the thickness Hi of the n-type cladding layer and the thickness H 2 
of the p-type cladding layer are indefinitely large. 

Thermal characteristics are also important to semiconductor laser. Of the thermal characteristics, the 
thermal resistance of the laser, which depends on the thickness the cladding layers, is particularly important 

15 as described-above with reference to Rg. 1. The optimum range of thickness H is given by equation (24) is 
consideration of the thermal resistance. 

The inequality (24) can be modified with reference to the equation (4) to follows: 
0.25(Axd/X)" t/2 £ H/X £ 0.38(Axd/X) 1/2 (43) 

Rg. 6 shows the ranges in which d and H fall when the n-type cladding layer 11 and the p-type 

20 cladding layer 13 have the same aluminum ratio, that is, when Axi = Ax 2 = Ax. When the cladding layers 
11 and 13 have different aluminum ratios, x and z (Axi = x-y, AX2 - z-y). In this case, it suffices to set the 
thickness Hi of the layer 11 and the thickness H 2 of the layer 13 within the following ranges: 
0.25(Axi d/X)* ,/2 £ Hi /X 5 0.38(Axi d/xy 1 * (44) 
0.25(Ax 2 d/X)- 1/2 £ H 2 /X S 0.38(Ax 2 /dX)* 1/2 (45) 

25 For example, when X = 0.67 Jim, Axi = Ax 2 = 0.7. and d = 0.06 am. the thicknesses Hi and H 2 
should have the following values; 
0.67 urn £Hi,H 2 £ 1.0 urn (46) 

Rg. 21 illustrates a modification of the semiconductor laser shown in Rg. 10. As can be understood 
from Rg. 21, this modification is identical to the laser of Rg. 10 in structure, except for the cross-sectional 

30 shape of the ridge portion 24. The ridge portion has a different shape because the direction, in which the 
stripe extends, is different. More specifically, the stripe extends in <011> direction, whereas the strip of the 
laser of Rg. 10 extends in <011>. Also in the modification, the width of the bottom of the ridge 24 is 
defined as the stripe width W. This is because the effective refractive index with respect to the vertical 
direction greatly changes in accordance with the distance ho between the active layer 22 and the GaAs 

35 light-shielding layer 25. The farther the GaAs layer 25 is located from the active layer 22, the closer the 
effective refractive index to the value in the center portion of the ridge portion 24, Hence, any portion of the 
cladding layer 23 that is thicker than the distance ho can be regarded as a ridge portion. The discussion 
made on the laser shown in Rg. 10 can, therefore, apply to the modification illustrated in Rg. 21. 

The cross-sectional shape of the ridge is not limited to those shown in Figs. 10 and 23. The ridge 

40 portion of the P-type cladding layer can have a different cross-sectional shape. 

Rg. 22 illustrates another modification of the semiconductor laser shown in Fig. 10. This modification 
differs from the laser* (Rg. 10) only in that the p-type cladding layer consists of three layers. More precisely, 
the p-type cladding layer is formed of a second layer 33 made of p-type Ino.sfGai.zAlJo.s. a third layer 34 
made of p-type ln 0 .s(Gai. u At u )o^, and the fourth layer 35 made of p-type ln 0 . 5 (Gai^Ai s )o^. The aluminum 

45 ratio u of the third layer 34 is less than those z and s of the second and fourth layer 33 and 35. that is, 0 £ 
u < z, s. The third layer 34 is used as an etching stopper during the chemical etching for forming the ridge 
portion. Since u < s, the etching speed of ln 0 ^(Gai^AJt u ) 0 .5 is relatively low, and the etching of the ln 0<5 (Gat. 
u AI u )o.s layer is stopped at the distance ho from the active layer 32. 

Since the third layer 34 has an aluminum ratio u less than those z and s of the second and fourth layers 

so 33 and 35, its thickness t is important. Because of the difference in aluminum ratio, the third layer 34 has a 
refractive index different from those of the first and third layers 33 and 35. Further, when the aluminum ratio 
u of the third layer 34 is less than that of the active layer 32, it will act as light-absorbing layer. Therefore, 
when the third layer 34 is too thick, it will adversely influence the transverse mode oscillation and the 
threshold current of the laser. When the third layer 34 is too thin, it can no longer function as an etching 

55 stopper. Hence, the third layer 34 must be thick enough to function as an etching stopper, and also thin 
enough not to affect the transverse mode oscillation or the threshold current of the laser. The results of the 
experiments conducted by the inventors hereof show that when the thickness t of the third layer 34 was 40 
k or less, it was Impossible, in some cases, to control correctly the distance ho due to the differences in 
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surface condition among the wafers. On the other hand, when the thickness t was 45 A or more, the 
distance ho could be controlled correctly. Therefore, according to this invention, the lower limit of the 
thickness t is set at 45 A. To determine the upper limit of thickness t. it should be studied how the 
thickness t influences the threshold current the energy loss in the fundamental mode oscillation, and the 

s difference in energy loss between the fundamental mode oscillation and the first-order mode oscillation. 

Fig. 23 is a diagram prepared based on simulation results and showing how the the energy loss a in the 
fundamental mode oscillation, and the difference Aa In energy loss between the fundamental mode 
oscillation and the first-order mode oscillation depend upon the thickness t of the third layer 34, when \ = 
0.67 urn, Ax ■ 0.7, d = 0.06 urn, and ho = 0.2 urn, and W ■ 5 urn. Fig. 24 Is also a diagram prepared 

to based on simulation results and representing how the threshold current Ith depends on the thickness t when 
when X. 0.67 urn, Ax = 0.7, d = 0.06 urn, and h = 0.2 urn, and W = 5 urn. As is evident from Figs. 25 
and 26, when thickness t is more than 200 A, the difference Aa decreases to 20 cm" 1 or less, and both the 
loss and the threshold current Ith increase. Therefore, according to the present invention, the thickness t of 
the third layer 34 is set to fall within the following range: 

75 45 A * t S 200 A (47) 

As long its thickness t falls within this range, the the layer 34 least influences the guidewave mode 
oscillation is least influenced, and can function as effective etching stopper. 

Still another modification of the semiconductor laser shown In Fig. 10 will be described, with reference 
to Fig. 25. As is illustrated in Fig. 25, this modification comprises an n-type GaAs substrate 50, a first 

20 cladding layer 51 formed on the substrate 50 and made of n-type ln 0 ^(Gao^Al 0 j)o.5P. an active layer 52 
formed on the first cladding layer 51 and made of undoped InGaP, a second cladding layer 53 formed on 
the active layer 52 and made of p-type ln 0 .5(Gao, 3 Alo.7)o^P. an p-type InGaP cap layer 54 formed on the 
second cladding layer 53, a p-type light-confining layer 55 formed on the cap layer 54, an n-type electrode 
56 formed on the layer 55, and a p-type electrode 57 formed on the lower surface of the substrate 50. The 

25 p-type light-confining layer 55 functions as a current-restricting layer and a contact layer. Namely, no 
current flows through that portion of the layer 55 which contact the flat portion of the second cladding layer 
53, because of the potential barrier defined by the discontinuity of valence band existing between the p- 
type layer 53 and the p-type layer 55. By contrast, a current flows through that portion of the layer 55 which 
contacts the ridge portion of the layer 53, because of the cap layer 54 which is interposed between the p- 

30 type layer 53 and the p-type layer 55 and which has an intermediate band gap. (See Conf., Applied 
Physics, Autumn 1984, 19a-ZR-6.) The modification shown in Fig. 27 is easier to manufacture than the laser 
illustrated in Fig. 10 and the modifications thereof shown in Figs. 23 and 24, respectively, since it suffices to 
perform regrowth of crystals only once after the ridge portion of the second cladding layer 53 has been 
formed, as is detailed in U.S. Serial No. 83.189, filed, October 8, 1987 assigned to the same assignee of the 

35 present application. 

The present invention can apply to any semiconductor laser, no matter the light-shielding layer is of n- 
type or p-type. Hence, the above discussion on the thickness d, the distance h 0l the stripe width W, the 
thickness Hi , and the thickness H 2 can also apply to the laser shown in Fig. 25. The ridge portion of the 
second cladding layer 53 can be shaped like an inverted mesa as is illustrated in Fig. 21. Further, the 
40 second cladding layer 53 can include a second layer which functions a an etching stopper, just as in the 
modification of Fig. 22. • 

As has been explained, the InGaAtP semiconductor laser of the present invention, wherein the 
transverse mode oscillation can be controlled, can perform transverse mode oscillation at a small threshold 
current only if the aluminum ratio of the cladding layer and thickness d of the active layer fails within the 

45 ranges defined by the inequalities (30) and (31), respectively. Further, since the distance ho between the 
active layer and that portion of the light-shielding layer which contacts the flat portion of the second 
cladding layer falls within the range defined by the inequality (33). more preferably within the range 
specified by the inequality (34), the astigmatism is reduced. Still further, since the stripe width W falls within 
the range defined by the inequality (39), the laser according to the invention can perform stable transverse 

so mode oscillation. Moreover, since the thickness Hi and H 2 of the cladding layers satisfy the inequalities (45) 
and (46), the semiconductor laser has good thermal characteristics. Furthermore, in the case of the laser 
illustrated in Fig. 22. the p-type cladding layer, which has a thickness falling with the range specified by the 
inequality (48) and which functions as an etching stopper, does not affect the mode loss or the threshold 
current and serves to control the size of the laser. 

55 The present invention is not limited to the embodiments described above. For example, the inequalities 
(30) and (31) can apply to semiconductor lasers in which the light-shielding layer is made of material other 
than GaAs. Further, in the semiconductor laser shown in Rg. 10, 21, or 22, the conductivity types of the 
component layers can be reversed. 
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As has been described In detail, the present Invention can provide a transverse-mode controllable 
InGaAXP semiconductor laser which can effect fundamental transverse-mode oscillation at a small threshold 
current. 

There is the possibility that the current-blocking layer of the semiconductor laser shown in Rg. 10, 21, 

6 or 23, fails to function properly, allowing an electric current to flow through it. Another embodiment of the 
present Invention, which has a current-blocking layer which properly blocks an electric current, will now be 
described, with reference to Rg. 26 through Rg, 31 . 

The semiconductor laser shown in Rg. 26 comprises an n-type GaAs substrate 1 1 1 , an n-type GaAs 
buffer layer 112 formed on the substrate 111, a cladding layer 114 formed on the buffer layer 112 and 

io made of n-type ln 0 .5<Gao.5AX 0 .7)o^P doped with Si in concentration of 3 to 5 x 10 17 cm" 3 , an active layer 
115 formed on the cladding layer 113 made of undoped lno.5Gao.5P, and a double-hetero junction structure 
formed on the active, layer 114. The double-hetero junction structure consists of three cladding layers 116, 
117, and 118. Layer 116 is made of p-type ln 0 . 5 (Gao^AJlo.7)o^P doped with Zn in concentration of 1 to 5 x 
10 17 cm" 3 . The layer 117 is made of material having a low aluminum ratio, or p-type lno.5Gao.50.5P doped 

is with Zn in concentration of 1 to 5 x 10 17 cm" 3 . The Cladding layer 118 is shaped like a stripe and made of 
p-type ln 0 .5(Gao3AX 0 .7)o.5P doped with Zn in concentration of 1 to 5 x 10 17 cm -3 . The layer 117 functions as 
an etching stopper in forming the ridge portion of the doubie-hetero junction structure. A capping layer 119 
made of p-type lno.5Gao.5P is formed on the cladding layer 118. The layers 116, 117, and 118, and the 
capping layer 119 have such In ratio, Ga ratio, and AX ratio that the layers 116, 117, and 118 lattice 

20 constant is identical to that of the substrate 111, and that the layers 114 and 115 have band-gap energies 
greater than that the active layer 115. A current-blocking layer 119 having a thickness of 1.5 urn is formed 
on the sides of the double-hetero junction structure and also on the sides of the contact layer 119. This 
layer 121 Is made of GaAs doped with Si in concentration of 3 x 10 18 cm" 3 . A contact layer 122 made of p- 
type GaAs is formed on the contact layer 119 and the current-blocking layer 121. A metal electrode 121 is 

25 deposited on the contact layer 122, and a metal electrode 122 is deposited on the lower surface of the 
GaAs substrate 111. 

In the laser illustrated in Rg. 26, an electric current is blocked in the capping layer 119 and also in the 
current-blocking layer 121. As a result light waves are guided through the stripe region of the mesa- 
cladding layer 118. The buffer layer 112 is used to improve the quality of the InGaAlP crystals of the 

30 InGaAlP layers. The capping layer 119 is used to reducing the electrical resistance between the cladding 
layer 118 and the contact layer 122. The capping layer 119 has a band-gap greater than that of the contact 
layer 122 and smaller than that of the cladding layer 118. 

Rg. 27 shows the current-blocking section the laser illustrated in Rg. 26. As can be understood from 
Rg. 27, and as has been experimentally established, the reverse voltage of the current-blocking section 

35 greatly depend on the carrier concentration of the current-blocking layer 121. Rg. 28 represents the 
relationship between the carrier concentration and the reverse voltage. The "reverse voltage" is the voltage 
which is applied on the current-blocking section such that the p-type side and the n-type side are charged 
positively and negatively, respectively, thereby to cause a current of 1 mA to flow through the current- 
blocking section. 

40 According to the results of the experiments conducted by the inventors, the current-blocking section 
was easily turned on when the carrier concentration of the layer 119 is 1 x 10 18 cm" 3 or less. Hence, the 
voltage applied after -the section had been turned on was the withstand voltage. As is evident from Fig. 29, 
the reverse voltage was 2 V at most when the carrier concentration was 1 x 10 18 cm" 3 or less. Rg. 31 
shows both the current-output characteristic and the current-voltage characteristic of the semiconductor 

46 laser shown in Rg. 26. As is shown in Rg. 29, since the laser could not perform its function when the 
reverse voltage was 2 V or less, it is required that the carrier concentration of the current blocking layer is 
more than 1 x 10 18 cm" 3 . The current-blocking section must have reverse voltage of 3 V or more to enable 
the laser to produce a stable optical output ranging from 5 to 10 mW, as evident from Rg. 29. As is clear 
from Rg. 28, the reverse voltage was 3 V or more when the current-blocking layer had carrier concentration 

so of 1.5 x 10 18 cm" 3 or more. Also, as is evident from Rg. 29, the current-blocking section must have a 
reverse voltage of 4 V or more to enable the laser to produce an optical output over 20 mW. According to 
Rg. 28. the reverse voltage rose above 4 V when the carrier concentration is 2.5 x 10 18 cm" 3 . When the 
carrier concentration was 5 x 10 18 cm" 3 or more, the current-blocking section could hardly be easily turned 
on, and the reverse voltage increased to 10 V or more. 

55 When the current-blocking layer 121 was made of GaAs doped with Si or Se, the carrier concentration 
was easily raised to 1.5 x 10 18 cm" 3 to 8 x 10 19 cm" 3 . However, when the carrier concentration was 5 x 
10 19 cm" 3 or more, the dopant, i.e., Si or Se, diffused from the current-blocking layer 119 into the cladding 
layer 115 or 116, drastically reducing the the withstand voltage. When the dopant was Se, it diffused in 
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some cases even at the carrier concentration of 1 x 10 19 cm -3 . When the dopant was Si, it did not diffuse 
as long as the carrier concentration remained less than 5 x 10 19 cm -3 , whereby the current-blocking 
section exhibited good withstand voltage characteristic. 

As has been discussed, the reverse voltage characteristic of the current-blocking section much depends 

5 upon the carrier concentration of the current-blocking layer 1 19, and the carrier concentration must be 1 .5 x 
1(T 8 cm" 3 or more. Further, when the carrier concentration was 5 x 10' 9 cm" 3 or more, the above-noted 
problem arose. In view of this, the carrier concentration should better be less 5 x 10 19 cm"" 3 . 

Moreover, the results of the experiments also show that when the current-blocking layer 119 had carrier 
concentration ranging from 2.5 x 10 18 cm" 3 or more, but less than 1 x 10 19 cm" 3 , the current-blocking 

io section had reverse voltage characteristic good enough to enable the laser to produce an optical output of 
10 mW or more, and the dopant did not diffuse from the layer 119 into any cladding layer. When the 
current-blocking layer 119 was of n-type, the minor carriers of the layer 119 were holes, and the diffusion 
length was only 1 um or less. In this case, too, the current-blocking section had a sufficiently high withstand 
voltage even when the layer 119 absorbed light, provided that the carrier concentration fell within the range 

15 specified above. 

When the stripe width W was 5 um, the cavity length was 300 urn, the laser whose current-blocking 
layer had carrier concentration of 3 x 10 18 cm* 3 , performed a single transverse-mode oscillation at the 
threshold current of 35 mA, providing an optical output of 20 mW. This laser kept on operating stably at 
50' C at power supply of 3 mW for 1000 hours or more. 

20 As has been explained in detail, the present invention can provide a semiconductor laser of excellent 
characteristics. In the embodiment shown in Fig. 26, the first conductivity type is n-type, and the second 
conductivity type is p-type. Nonetheless, the conductivity types of the component layers can be reversed. 
Further, the etching stopper (i.e., the layer 116) interposed between the current-blocking layer 119 and the 
p-type cladding layer 115 can be dispensed with. 

25 The semiconductor laser sown in Fig. 26 can operate reliably at a small threshold current since it has a 
section which readily blocks an electric current. 

Still another embodiment of the present invention, which also has a current-blocking section, will now be 
described with reference to Fig. 30 and Figs. 31 A to 31 F. 

As is shown in Fig. 36 wherein same numeral denotes a same portion or section as in Rg. 26, this 

30 semiconductor laser comprises an n-type GaAs substrate 111. an n-type GaAs buffer layer 112 formed on 
the substrate 111, an n-type InGaP buffer layer 113 formed on the layer 112, an n-type InGaAIP cladding 
layer 114 formed on the layer 113, an InGaP active layer 115 formed on layer 114, and a double-tester 
junction structure formed on the active 115. The double-hetero junction structure consists of three p-type 
cladding layers 116; 117 and 118 - all made of p-type InGaAIP. The cladding layer 117 can be made of 

35 either InGaP or material having a small aluminum ratio. The cladding layer 118 is shaped like a stripe. The 
laser further comprises a p-type InGaAIP capping layer 119 and a p-type GaAs contact layer 120, both 
formed on the cladding layer 118. A current-blocking layer 121 made of n-type GaAs doped with Si is 
formed on the sides of the double-hetero junction structure and also on the sides of the contact layer 120. A 
p-type GaAs contact layer 122 is formed on both the contact layer 120 and the current-blocking layer 121. 

40 A metal electrode 123 is deposited on the contact layer 122, and a metal electrode 124 is deposited on the 
lower surface of the substrate 111. In this structure, the current blocking operation and the light guiding 
operation is same as that of Figs. 10, 22 and 26. The buffer layer 113 is used to improve the quality of the 
InGaAIP crystals of the InGaAIP layers. The capping layer 119 is used to reducing the electrical resistance 
between the cladding layer 118 and the contact layer 120 in a same manner show in Rg. 26. The capping 

45 layer 119 has a band-gap greater than that of the contact layer 120 and smaller than that of the cladding 
layer 118. The band gap of the capping layer 119 can be gradually changed from the cladding layer 118 
toward the contact layer 120. 

It will now be explained how the semiconductor laser shown in Rg. 32 is manufactured, with reference 
to Figs. 33A to 33F. 

so First, as is shown in Rg. 33A, the first buffer layer 112 having a thickness of 0.5 um and made of n- 
type GaAs doped with Si or Se in concentration of 1 x 10 18 cm" 3 is formed on the n-type GaAs substrate 
1 1 1 , by the MOCVD method under a pressure of 1 atom or less, by using a methyl-based, Ill-group organic 
metal such as trimethyl-indium, trimethyl-gallium, or trimethyl aluminum, and a hydride of V-group element 
such as arsine of phosphine. The substrate 111 is doped with Si in concentration of 3 x 10 18 cm" 3 . Then, 

55 the second buffer layer 113 having a thickness of 0.5 um and made of n-type InGaP doped with Se in 
concentration of 3 x 10 18 cm" 3 is formed on the first buffer layer 112. Further, the first cladding layer 114 
having a thickness of 0.8 um and made of n-type lno.5Gao.15Ato.35P doped with Si or Se in concentration of 
1 < 10 18 cm" 3 is formed on the second buffer layer 113. Then, the active layer 115 having a thickness of 
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0.06 urn and made of undoped lno.5Gao.5P is formed on the layer 114. The second cladding layer 116 
having a thickness of 0.2 um and made of p-type lno.5Gao.15Ato.35P doped with Zn or Mg in concentration 
of 2 x 10 18 cm" 3 is formed on the active layer 115. Further, the third cladding layer 117 functioning as an 
etching stopper, having a thickness of 50 A, and made of p-type InGaP doped with Zn or Mg in 

s concentration of 2 x 10 ,B cm" 3 is formed on the second cladding layer 116. The fourth cladding layer 118 
having a thickness of 0.6 um, and made of p-type lno.6Gao.15Ato.35P doped with Zn or Mg as the 
intermediate band gap in concentration of 2 x 10 18 cm" 3 is formed on the the third cladding layer 117. The 
capping layer 119 having a thickness of 0.05 urn, and made of p-type InGaP doped with Zn or Mg in 
concentration of 2 x 10 18 cm" 3 is formed on the fourth cladding layer 118. The contact layer 120 having a 

10 thickness of 0.5 um, and made of p-type GaAs doped with Zn or Mg in concentration of 2 x 10 18 cm" 3 is 
formed on the capping layer 119. Hence, a double-hetero junction structure structure is formed. Then, the 
stripe-shaped Si02 layer 126 having a thickness of 0.1 um and a width of 5 um is formed on the contact 
layer 120 by means of thermal decomposition of the silane gas and photo-etching. 

Thereafter, as Is shown in Fig. 31 B, using the Si0 2 as a mask, the contact layer 120 was selectively 

75 etched with a GaAs-selective etchant, thereby exposing the capping layer 119, thereby forming the stripe- 
shaped GaAs mesa 127 having a width of 3 um. 

Next, as is illustrated in Rg. 31 C, using the GaAs stripe-shaped GaAs layer 127 as a mask, the first 
capping layer 119 is etched, and the fourth cladding layer 118 is etched with an InGaA IP-selective etchant, 
thereby exposing the third cladding layer 117, and thus forming a stripe-shaped mesa 128. 

20 Further, as is shown in Rg. 31 D, the contact layer 120 is etched with the GaAs-selective, thus narrowing 
the contact layer 120, and forming a stripe-shaped mesa 129. The GaAs-selective etchant is a mixture of 
28% ammonium water, 35% hydrogen peroxide water, and water in the ratio of 1 : 30 : 9, and is applied at 
20* C. The InGaAlP-selective was sulfric acid or phosphoric acid, and is applied at 40 to 130* C. 

Then, as is illustrated in Rg. 31 E, the current-blocking layer 121 having a thickness of 1.0 um and 

25 made of n-type GaAs doped with Si in concentration of 3 x 10 18 cm" 3 is deposited by the MOCVD method 
under a reduced pressure, by using trimethylgaliium and arsine as materials, and also by using silane 
(SihU) as doping gas. The GaAs current-blocking layer 121 was doped with Si by feeding a hydrogen-based 
mixture gas containing 100 ppm of SiHi, into a reaction furnace at the rate 75 cc/min. In this case, the re- 
type GaAs current-blocking layer 121 grew at the speed of 3 um/H. This growth was performed by 

30 introducing diluted phosphine gas into the furnace, heating the phosphine gas to 700 *C, introducing arsine - 
gas into the furnace, leaving the wafer to stand for one second or 2 to 3 seconds, and introducing trimethyl 
gallium gas into the furnace. No GaAs grew on the Si0 2 layer 126, and the wafer shown in Fig. 31 E was 
obtained. 

Next, as is shown in Fig. 31 F, the contact layer 122 having a thickness of 1.5 um and made of p-GaAs 
35 with Zn or Mg in concentration of 5 x 10 18 cm" 3 was grown by means of the the MOCVD method on the 
entire surface of the water. The Au/Zn electrode 123 and the Au/Ge electrode 124 were formed on the 
contact layer 122 and the lower surface of the substrate 11, respectively by the ordinary method known in 
the art. Thus, the wafer shown in Fig. 30 was manufactured. 

The water was cut, and examined under an electron microscope to see whether or not silicon had 
40 diffused. No diffusion of silicon was observed. The water was processed, thereby manufacturing a laser 
having a resonator length of 250 um. The leakage current was successfully suppressed, unlike in the 
conventional semiconductor laser jn which selenium is used as n-type dopant in the current-blocking layer. 
The laser according to the present invention exhibited good characteristics, such as threshold current of 60 
mA and quantum efficiency of 20% for each side. The optical output increased to 20 mV with the drive 
4S current. In other words, the laser had excellent current-output characteristic. In addition, the laser both near- 
field and far-field pattern should single hole shape, and its mode could be well controlled. 

The present invention is not limited to the embodiment shown in Rg. 32. It Is not absolutely necessary 
to etch the embodiment, the second contact layer is etched after the fourth cladding layer has been etched, 
thus forming the stripe-shaped rib. Further, the second cladding layer made of InGaP and the third and 
so fourth cladding layers, both made of p-type InGaAlP, can be replaced by a single layer. Also, the 
concentration of the silicon doped in the current-blocking layer is not limited to 3 x 10 18 cm" 3 ; it ranges 
from 1 x 10 18 cm" 2 to 5 x 10 18 cm" 3 . 

A modification of the semiconductor laser shown in Rg. 32 was made which was different in that the n- 
type GaAs current-blocking layer 1 21 was 0.7 um thick, regardless of the dopant contained in it, and that 
55 the distance between the upper surface of the flat portion of the layer 121 and the upper surface of the 
stripe-shaped portion of the fourth cladding layer 118 Is 1.5 um or less. 

The modification, which had a resonator length of 250 um, exhibited good characteristics such as 
threshold current of 60 mA and quantum efficiency of 20% for each side. No punch-through occurred to 
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lessen the degree of current-blocking. 

The results of the experiments conducted by the inventors showed that no punch-through took place 
when the current-blocking layer had a thickness of 0.7 urn or more and a dopant concentration of 1 x 10 18 
cm" 3 to 5 x 10 18 cm" 3 . When the n-type GaAs current-blocking layer was 0.5 urn thick, punch-through 

5 occurred in many laser elements. As has been pointed out, the distance between the upper surface of the 
flat portion of the current-blocking layer and the upper surface of the stripe-shaped portion of the fourth 
cladding layer must be 1.5 urn or less. If this distance is greater than 1.5 urn, the current-blocking layer will 
grow much so as to cover the stripe-shaped portion of the fourth cladding layer. In this case, the contact 
layer will grow on the stripe-shaped portion, failing to have a uniform thickness, or to bury the stripe-shaped 

w portion in a desired manner. 

The present invention can apply to a semiconductor laser made of materials other than those used in 
the embodiment described thus far. For instance, it can apply to a GaAl As having an GaAs substrate, or an 
InGaAlAs or InGaAsP laser having an InGaAsP or GaAs substrate. 

As has been described above, the present invention can provide a semiconductor laser, particularly an 

rs InGaAlP laser in which the dopant does not diffuse from the current-blocking layer into the p-type cladding 
layer to lessen the degree of current-blocking, and which therefore excels in both the current-blocking 
efficiency and the optical-waveguide efficiency. Owning to the specific thickness and position of the current- 
blocking layer, no punch-through takes place in this layer. Therefore, the semiconductor laser can have 
good characteristics and can be manufactured with high yield and reciproducibility. 

20 

Claims 

1. A semiconductor laser device for emitting a laser beam having a wavelength X, characterized by 
25 comprising: 

a doubie-hetero structure (11, 12, 13, 22, 23, 31, 32, 33, 34, 51. 52, 53. 114, 115, 116, 117, 118) including: 
an active layer (12, 22. 32, 52, 115) made of ln(Gai. y Al y )P and having a thickness d and a refractive index 
n a . and first and second surfaces; 

a first cladding layer (11, 31, 51, 114) of a first conductivity type formed on the first surface of the active 
30 layer (12, 22, 32, 115) having a refractive index n c , made of InfGaLxAXxJP, where x and y satisfy the 
inequality of 0 S y < x £ 1; and 

a second cladding layer (13, 23, 33, 34, 35. 53, 116, 117, 118) of a second conductivity type formed on the 
second surface of the active layer (12, 22, 32, 52, 115), having a refractive index n c 2 , and made of ln(GaL 
2 Al 2 )P. where y and z satisfy the inequality of 0 S y < z £ 1. wherein said doubie-hetero structure (11, 12, 
35 13, 22, 23, 31, 32, 33. 34, 51, 52. 53, 114, 115, 116, 117, 118) satisfies the following inequality: 
0.015A* 1 * < d/X < 0.028A- 172 

where is specific refractive index difference defined as: 
A ■ (At +A 2 )/2 
Ai = (n a 2-n c 2)/(2n a 2) 
40 and 

A 2 = (na 2 -nc2 2 )/(2n a 2 ) 

2. The semiconductor laser device according to claim 1 , characterized in that the thickness d of said 
active layer (12, 22. 32, 115) satisfies the following formula: 

d/X * 0.022A- 1/2 

45 3. The semiconductor laser device according to claim 1, characterized in that said first and second 
cladding layers (11. 13, 23, 31, 33, 34, 35, 51. 53, 114, 116, 117, 118) have a thickness Hi and a thickness 
H2, respectively, which satisfies the following inequality; 
0.08(Ai d/X)* 1/2 < Hi /X < 0.1 2(Ai d/X)* 1/2 
and 

50 0.08{A2d/xr 1/2 < H 2 /X < 0.12(A 2 d/X)* 1/2 

4. The semiconductor laser device according to claim 1, characterized in that said active layer (12. 22. 
32, 52, 115) is made of Ino.sfGavyAlyJo.sP, and said first and second cladding layers (11. 13. 23, 31. 33, 34, 
35, 51, 53, 114, 116, 117, 118) are made of ln 0 .5(Ga 1 . x At )< )o.5P and ln 0 . B (Qai. l Al z )o.5P, respectively. " 

5. The semiconductor laser device according to claim 1, characterized in that the thickness d of the 
55 active layer (12. 22. 32, 52. 115) satisfies the following equality: 

0.03 urn £ d £ 0.1 urn 

and the x and z satisfies the following quality: 
0.65 £ x,z £ 0.8 
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6. The semiconductor laser device according to claim 1, characterized by further comprising: 
a first contact layer (10, 50, 112) formed on said first cladding layer at an opposite side of said active layer, 
and 

a second contact layer (16, 55, 122) formed on said second cladding layer at an opposite side of said active 
s layer and said double-hetero structure (11, 12. 13. 22. 23. 31, 32. 33, 34. 51. 52. 53. 114, 115, 116. 117, 
118) having a thickness Hi and a thickness H 2 , respectively, which satisfies the following inequality: 
0.08(Aid/X)- ,/2 < Hi/X < 0.12(Aid/X)' 1/2 
and 

0.08<A 2 d/X)' t/2 < H 2 /X < 0.12(A2d/X)- 1/2 
to 7. The semiconductor laser device according to claim 3, wherein the thicknesses Hi and H 2 satisfy the 
following inequality: 
Hi/X*0.1(Aid/\)- t/2 
and 

H 2 /X»0.1(A 2 d/xr 1/2 

is 8. The semiconductor laser device for emitting a beam having a wavelength x, characterized by 
comprising: 

a semiconductor substrate (10, 50, 111) of a first conductivity type: 

an active layer (12, 22, 32. 52, 115) made of lni. v (Ga^Aly)vP and having a thickness d, and having first and 
second surfaces, which satisfies the inequality of 0.03 urn S d 25 0.1 urn; 
20 a first cladding layer (11, 31, 51, 114) of the first conductivity type formed between the substrate (10, 50, 
111) and the first surface of said active layer (12, 22, 32. 52. 1 15) arid made of InLvfGai.xAlxJvP, where v is 
a composition ratio satisfy the inequality of 0 £ v $ 1; 

a cladding structure (13, 23. 33, 34, 35. 53, 116, 117, 118) including a second cladding layer (23, 33. 53. 

116) of a second conductivity type formed on the second surface of the active layer having a refractive 
25 index n c , made of In^Gai.zAlJyP, and having a flat section and a stripe-shaped ridge section projecting 

from the flat section, where composition ratio x, y and z satisfying the inequality of 0 S y < x, z £ 1, the 

aluminum ratio x and z of the second cladding layers being satisfy the inequality of 0.65 £ x, z £ 0.8; and 

a confining layer (15. 25, 55, 121) formed on the flat section of the second cladding layer (23, 33, 53, 116) 

for confining the laser beam. 
30 9. The semiconductor laser device according to claim 8, characterized in that said beam confining layer 

(15, 25, 55, 121) is made of Ga^Al^s, where 0 < r < 1. 

10. The semiconductor laser device according to claim 8, characterized in that said semiconductor 
substrate (10, 50, 111) and said laser beam-confining layer (23, 33. 53, 116) are made of GaAs. 

1 1 . The semiconductor laser device according to claim 8, characterized in that the flat portion of said 
36 cladding structure (13, 23, 33, 34, 35, 53, 116, 117. 118) has a thickness ho which satisfies the following 

inequality: 

h<A £ 0.13(Ad 2 d/X)- 1/2 where d is the thickness of said active layer (12, 22. 32, 52, 115), X is the wavelength 
of the beam, and Ad 2 (= z-y) is the difference between the aluminum ratio of said second cladding layer 
(23, 33, 53, 1 16) and that of said active layer (12, 22, 32, 52. 115). 
40 12. The semiconductor laser device according to claim 8, characterized in that said ridge section, which 
* contacts said flat section, has a width W which satisfies the following inequality: 
W/X S 20[h 0 /X)(Ax 2 d/X) l ' z } 1/3 

where d is the thickness of said active layer (12, 22, 32, 52, 115), X is the wavelength of the beam, and Ax 2 
(= z-y) is the difference between the aluminum ratio of said second cladding layer (23, 33, 53, 116) and 

45 that of said active layer (1 2. 22, 32, 52, 1 1 5). 

13. The semiconductor laser device according to claim 8, characterized in that said first cladding layer 
(11, 31, 51, 114) has a thickness Hi, and said second cladding layer (23, 33, 53. 116) at the striped shaped 
ridge section has a thickness H 2 . said thicknesses Hi and H 2 satisfying the following inequalities, 
respectively: 

50 0.25(Axi d/X)* 1/2 £ Hi/\ £ 0.38(Axi d/X)* 1/2 

0.25(Ax 2 d/X)' 1/2 £ H 2 /X £ 0.38(Ax 2 d/X)* 1/2 where Axi (= z-y) is the difference between the aluminum ratio of 
said first cladding layer (11, 31, 51, 114) and that of said active layer (12, 22, 32, 52, 115), and Ax 2 (= z-y) 
is the difference between the aluminum ratio of said second cladding layer (23, 33, 53, 116) and that of said 
active layer (12, 22, 32, 52, 115). 

55 14. The semiconductor laser device according to claim 8, characterized in that the ridge section of said 
cladding structure (13, 23. 33, 34, 35, 53, 116, 1 17, 118) includes a third cladding layer (34, 117) formed on 
said second cladding layer and made of Inn^Ga^Al^P, and a fourth cladding layer (35, 118) formed on 
the third cladding layer (34, 1 17) and made of In^Ga^AtJyP, where 0 £ u < s. 
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15. The semiconductor laser device according to claim 14, characterized in that said third cladding 
layer (34, 117) has a thickness t which satisfies the following inequality: 

45 A St*200 k. 

16. The semiconductor laser device according to claim 8, characterized in that the aluminum ratio X of 
5 the first cladding layer (11, 31, 51, 114), and the aluminum ratio y of the second cladding layer (23, 33, 53, 

116) are 0.7. 

17. The semiconductor laser device according to claim 15, characterized in that said laser beam- 
confining layer (23, 33, 53, 116) is made of Qai-wAtwAs of the first conductivity type, where 0 S w < 1, 
and has a carrier concentration D which satisfies the following inequality: 

to 1.0 x 10 18 cnrr 3 £ D S 5 x 10 19 cnrr 3 . 

18. The semiconductor laser device according to claim 15, characterized In that said semiconductor 
substrate (10, 50. 111) and said beam-confining layer (23, 33, 53, 116) are made of n-type GaAs. 

19. The semiconductor laser device according to claim 16, characterized in that Si is doped, as an 
impurity, in said laser beam-confining layer (23, 33, 53, 116). 

T5 20. The semiconductor laser device according to claim 15, characterized in that said beam-confining 

layer (23, 33, 53. 116) has a carrier concentration D given as follows: 

2.5 x 10 18 cnrr 3 S D £ 1 x 10 19 cnrr 3 . 

21 . The semiconductor laser device according to claim 20, characterized in that said beam-confining 

layer (23. 33. 53. 116) has an impurity concentration ranging from 1 x 10 18 cm" 2 to 3 x 10 18 cm"" 3 . 
20 22. The semiconductor laser device according to claim 13, characterized by further comprising at least 

one second capping layer (24, 54, 119) of the second conductivity type, interposed between said second 

contact layer and said cladding structure (13, 23, 33, 34, 35, 116, 117. 118). and having a band gap greater 

than that of said substrate (10, 50, 111) and less than that of said cladding structure (13, 23. 33, 34, 35, 53, 

116, 117, 118). 

25 23. The semiconductor laser device according to claim 8, characterized in that said laser beam- 
confining layer (23, 33, 53, 116) has a thickness of at least 0.7 urn. and a height not greater than 1.5 urn 
which is measured from the ridge of said cladding structure (13, 23, 33, 34, 35, 53, 116, 117, 118). 
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